Background. The Microsoft Kinect presents a simple, inexpensive, and portable method of examining the independent components of the Timed Up and Go (TUG) without any intrusion on the patient. Objective. This study examined the reliability of these measures, and whether they improved prediction of performance on common clinical tests. Methods. Thirty individuals with stroke completed 4 clinical assessments, including the TUG, 10-m walk test (10MWT), Step Test, and Functional Reach test on 2 testing occasions. The TUG was assessed using the Kinect to determine 7 different functional components. Test-retest reliability was assessed using intraclass correlation coefficient (ICC), redundancy using Spearman's correlation, and score prediction on the clinical tests using multiple regression. Results. All Kinect-TUG variables possessed excellent reliability (ICC (2,k) > 0.90) except trunk flexion angle (ICC = 0.73). Trunk flexion angle and first step length were nonredundant with total TUG time. When predicting 10MWT and Step Test scores, adding step length into regression models comprising age and total TUG time improved model performance by 7% (P <.01) and 6% (P =.03), respectively. Specifically, an interquartile range increase in first step length (0.19 m) was associated with a 0.15 m/s faster gait speed and 1.8 more repetitions on the Step Test. These effect sizes were comparable to our minimal detectable change scores of 0.17 m/s for gait speed and 1.71 repetitions for the Step Test. Conclusions. Using the Kinect to independently assess the multiple components of the TUG may provide reliable and clinically useful information. This could enable efficient and information-rich large-scale assessments of physical deficits following stroke.
Introduction
The accurate assessment of physical deficits to evaluate function and falls risk following stroke is of considerable importance. In a clinical setting, gait and mobility limitations following stroke are commonly assessed using tests such as the 10-meter walk test (10MWT), and the Timed Up and Go (TUG). 1, 2 These tests typically provide a single outcome measure, which represents performance of a specific component of physical function. These tests are therefore often performed as part of a testing battery to gain a more holistic view of a patient's physical function. While performing multiple tests provides valuable information, it does increase the time and cost of the assessment, and adds to patient burden.
In contrast, research has shown that analyzing the movement strategies used by people with stroke as they perform functional tasks may provide additional and independent information that cannot be derived from standard singleoutcome clinical tests. Instrumenting the TUG and individually assessing the various components of movement has previously been implemented in multiple studies. [2] [3] [4] [5] Accelerometers 3 and video analysis 2 during the TUG have been employed to assess the kinematic components of movement. For example, the use of inertial sensors during the TUG to perform a kinematic analysis of the individual components of the test has been reported as a reliable and sensitive measure in Parkinson's patients. 4 Previous work has reported that the turn time component of the TUG test, assessed using 3-dimensional (3D) motion analysis systems, is significantly longer in both people with stroke 6 and healthy older adults 7 who have experienced a fall. Similarly, research using accelerometers has demonstrated that fallers perform the sit to stand component of the TUG test with a greater range of lower back acceleration. 5 Indeed, a detailed kinematic analysis of the constituents of the TUG test may be useful given that it is comprised of balance, gait speed, lower extremity muscle strength, and agility-related activities. However, despite these benefits of a kinematic analysis, tools such as inertial sensors or 3D motion analysis systems can require extensive participant preparation time and the use of skin mounted sensors or markers, which can be cumbersome and intrusive.
A system that may be capable of providing clinically useful information regarding the performance of independent components of movement during the TUG test is the Microsoft Kinect (Microsoft, Redmond, WA) motion-sensing camera. The Kinect, which does not require any subject preparation or attachment of sensors or markers to the patient, has been validated in healthy participants for the assessment of kinematic variables such as step length, gait speed, and trunk angle when compared with 3D motion analysis systems. [8] [9] [10] Using this system in a clinical setting to examine the different aspects of the TUG, such as trunk flexion angle during standing from the chair, first step length, gait speed, and time taken to turn, may provide additional information about movement strategies and physical deficits that are overlooked when simply recording the time taken to complete the test. Consequently, this study, in people affected by stroke, aimed to determine the (a) test-retest reliability of the variables provided via the Kinect system during the TUG; (b) additional and complementary information provided by these measures, including their redundancy with the time taken to complete the TUG; and (c) extent to which the addition of Kinect-TUG variables improved prediction of performance on other common clinical assessments of physical function compared to standard TUG time. It was hypothesized that (a) the Kinect-TUG variables would exhibit excellent test-retest reliability; (b) some variables would be nonredundant with total TUG time, providing additional and complementary information regarding task performance, and (c) the addition of Kinect-TUG variables combined with total TUG time would strengthen prediction models for performance on other clinical tests.
Methods

Participants
Thirty participants were recruited following stroke between April 2012 and July 2013 from the Community Therapy Service at The Royal Melbourne Hospital. To be eligible for the study participants must have been diagnosed with a noncerebellar ischemic or hemorrhagic stroke more than 3 months prior to recruitment, be attending physiotherapy for balance or mobility issues, be able to stand unsupported for greater than 30 seconds, and have a Mini-Mental State Examination score ≥20. Participants were excluded if they had severe apraxia, severe dysphasia, or any other medical condition that may affect their balance ability (eg, severe arthritis, progressive neurological disorders, or visual impairment). This research was given ethical approval from the institutional ethics committees. All participants provided written informed consent prior to testing.
Protocol
Participants completed 2 testing sessions at the hospital, separated by 1 week. The assessments conducted during each of the testing sessions included, in order, the 10MWT, TUG, Step Test (ST), and Functional Reach (FR) test, and were undertaken in accordance with previously published protocols. 1, [11] [12] [13] All assessments were performed twice on each of the 2 days, with the best trial used for analysis, except the ST, which was only performed once on each day. The same standardized procedure was followed during each testing session, in descending order of intensity to reduce fatigue. Participants wore shoes and could use gait aids and/ or ankle-foot orthoses for the 10MWT and TUG only, and were instructed to wear tight-fitting clothing.
Instrumented Assessment of the Timed Up and Go
A Microsoft Xbox360 Kinect camera was used during the 2 trials of the TUG test to obtain spatiotemporal and kinematic information from the participant. The Kinect integrates information from video and depth-sensing cameras to create a 3D representation of the field of view. 14 An artificial intelligence algorithm provided freely by Microsoft is then used to automatically locate and track the joint centers and major anatomical landmarks of the body. 15 This enables the camera to provide information on the 3D movement of the participant in close to real time.
The Kinect was calibrated using a custom written software program prior to each testing session using a protocol described previously. 8 The Kinect is capable of detecting human motion between approximately 0.8 m and 3.8 m from the camera. As the TUG test requires space for the chair and for a 3-m walk and turn, the limitations of the field of view of the camera required it to be placed off-center from the starting point of the TUG test. This enabled the collection of data during the standing and walking movements occurring in a region extending from the chair to approximately 1 m from the camera. This setup is outlined in Figure 1 .
Data Analysis
Custom-written LabVIEW 2009 software (National Instruments, Austin, TX) and the official Microsoft Kinect Software Development Kit (SDK; Beta 2 Release-.dll version 1.0.0.45) were used to acquire and analyze the Kinect data recorded during the TUG test. Seven significant events throughout the fastest TUG test were identified and used to determine 7 kinematic movement variables. These events included the start of the test, standing, the first step, the first stride, when the participant was 2 m from the camera facing toward it, when the participant was 2 m from the camera facing away from it, and the end of the test. All variables were determined by visual inspection of depth sensor images and 3D plots of the skeletal tracking anatomical landmarks and the graphed displacement and velocity of the skeletal tracking data. The start of the test was identified as the frame prior to the detection of trunk movement, and standing was achieved when the shoulder center reached peak height as shown on the vertical axis of the graphed skeletal tracking data. The first step and first stride were identified from the heel strike phase of gait, evident by a plateau in ankle displacement and velocity on the anterior-posterior axis of the skeletal tracking data. The events 2 m toward and away from the camera were recognized by the first breach of the trunk past the 2 m distance from the camera threshold, and return of the trunk within the 2 m threshold, respectively. Finally, the end of the test was deemed the cessation of the posterior trunk movement during the sitting movement, representing the return of the trunk to the back of the chair. These key events were used to determine the seven main Kinect-TUG variables, including peak trunk flexion angle during standing, peak trunk flexion angular velocity during standing, first step length, first stride length, gait speed, turn time (deemed the time between crossings of the 2m threshold), and total TUG time.
Statistical Analysis
To assess the test-retest reliability of the various clinical and Kinect-TUG variables, intraclass correlation coefficients (ICC 2,k ) were used as indices of relative reliability, and these coefficients were calculated in a 2-way analysis of variance based on absolute agreement. Absolute reliability was represented by (a) the standard error of measurement (SEM), which was derived from the square root of the mean square error term from the respective repeated analysis of variance; (b) the minimum detectable change (MDC), which was derived by multiplying the point estimate of the SEM, the square root of 2 and the z-score of 1.96 (95% confidence level); and (c) the test-retest percentage error, which was computed by expressing the standard deviation (SD) of the test-retest difference scores (bias) as a percentage of the mean measure of the 2 testing sessions (100 × [2SD of bias]/([Meant Test +Mean Retest ]⁄2)). 16 To examine the associations between the clinical tests and the combination of Kinect-TUG variables, we used separate multivariable regression models that included age as a covariate. To minimize model overfitting and to avoid multicollinearity from correlated variables, we a priori specified that Kinect-TUG variables which were strongly related to total TUG time (Spearman ρs ≥ 0.80) would be deemed redundant and excluded from the model. To further account for potential model overfitting, the regression coefficients in all multivariable models were estimated using penalized maximum likelihood methods. 17 Given that our various Kinect-TUG variables were measured on different scales and units, we scaled the regression coefficients of all variables by their interquartile ranges such that each coefficient may be interpreted as comparing participants with relatively high (75th percentile) versus low (25th percentile) scores. Apart from allowing meaningful between-predictor comparisons, this scaling also represented a more clinically meaningful distinction than the conventional oneunit change in predictor values. 18 Finally, to assess the incremental predictive value of the inclusion of additional Kinect-TUG variables over the standard measure total TUG time, we calculated incremental R 2 values from nested models with and without the addition of the Kinect-TUG variables. All statistical analyses were done with R software, version 3.0.1 (R Foundation, Vienna, Austria).
Results
Participant characteristics are described in Table 1 . Ten participants used walking aids (single point walking stick = 7, 4-point walking frame = 2, forearm crutch = 1). No participant required physical assistance from the assessor during the tests. The total TUG time derived from the stopwatch and Kinect showed excellent association (ρ = 0.99, P < .001), validating the Kinect for this measure. The results for the test-retest reliability analysis are provided in Table 2 . With the exception of trunk flexion angle (ICC = 0.73), all clinical and Kinect-TUG variables demonstrated excellent reliability, with ICCs >0.90.
The relationship between the components of the TUG test is reported in Table 3 , with the exception of trunk flexion angle velocity, which, with an unacceptably high (41%) percentage error between tests, was excluded from further analysis. 16 The total TUG time was strongly correlated to all Kinect-TUG variables with the exception of trunk flexion angle (ρ = −0.23, P > .05) and step length (ρ = 0.70, P < .001).
The results of the regression models predicting clinicbased performance measures are provided in Table 4 . Based on our a priori defined variable reduction strategies, only 3 Kinect-TUG variables (total TUG time, step length, and trunk flexion angle) were included in regression models with age as a covariate. Across all models, age and trunk flexion angle were statistically non-significant, whilst total TUG time was a significant predictor.
Step length significantly contributed to the association with gait speed and the ST, but not with the FR. Specifically, the addition of this variable increased the R 2 values by 7% and 6% in the gait speed and ST models, respectively. An increase in first step length of 0.19 m (equivalent to its interquartile range) was associated with 0.15 m/s (95% confidence interval = 0.07-0.23 m/s; P < .001) faster gait speed and 1.79 (95% confidence interval = 0.24-3.34; P < .001) more steps on the ST. Noteworthy, these observed effect sizes were comparable to their corresponding minimal detectable change scores of 0.17 m/s for gait speed and 1.7 steps for the ST (Table 2 ).
Discussion
This study investigated the potential clinical efficacy of instrumenting the TUG using a Kinect by examining the reliability, redundancy, and additive benefits of the derived outcome measures. All measures other than trunk flexion angle were found to possess excellent (ICC > 0.90) reliability. While many of the Kinect-TUG variables were found to be redundant with total TUG time, first step length and trunk flexion angle provided independent and complementary information regarding TUG performance. The incremental predictive value of first step length beyond total TUG time was statistically and clinically significant in models predicting gait speed and ST performance. In general, these results support our hypotheses.
Of the clinical tests, gait speed during the 10MWT had the strongest association (R 2 = .86) with the Kinect-TUG variables. This finding is consistent with previous research which reported a strong relationship between the 10MWT and TUG in people following stroke. 19 In contrast, the clinical test with the weakest association (R 2 = .53) with Kinect-TUG variables was the FR, and the addition to the model of step length and trunk flexion angle during standing did not significantly improve the relationship. This reflects that the FR is composed of actions that have the least similarities to the individual components of the TUG test. This is intuitive given that the TUG test comprised primarily aspects of gait, lower extremity strength and agility, compared with the FR which focuses on dynamic, yet slow movement speed, postural control at the limits of stability over a stationary base of support. 13 In regard to reliability, with the exception of trunk flexion angle (ICC > 0.73) all Kinect-TUG variables possessed excellent test-retest reliability (ICC range = 0.93-0.99). This is similar to the findings for the clinical tests (ICC range = 0.96-0.99), with these values and our MDC scores comparable to previous studies assessing these clinical tests in a stroke population. [19] [20] [21] [22] It must be noted, however, that some of the percentage error values for the Kinect-TUG variables were relatively high, particularly trunk velocity. This is likely because of 1 of 3 primary reasons: (a) poor automatic location of the anatomical landmarks of the trunk in the seated position, which leads to errors in the calculation of angular displacement and velocity; (b) variability in trunk movement patterns when rising from the chair; and/or (c) difficulty identifying the beginning and end of the standing movement. Reduced reliability for trunk flexion velocity is consistent with previous findings, 4 which have shown lower reliability for time taken to stand than other TUG components. This may have been due to the defining criteria used to determine standing, as many participants had not reached peak shoulder center height prior to taking their first step. Furthermore, stand time may also be affected by the wide range of strategies used to perform this action, or by factors such as clothing which may influence results. 23 The results of this study indicate that instrumenting the TUG using the Kinect provides potentially useful additional information that may be sensitive to change in performance over time or in response to therapeutic interventions. However, as previously stated this is not the only method of instrumenting the TUG. The potential for superior accuracy and precision of accelerometer, gyroscope, or marker-based video analysis systems in comparison with the Kinect may be beneficial, particularly for examining the kinematics of the turning movement; however, these systems often require the use of multiple body mounted sensors to be worn throughout the test. In contrast, the Kinect motion sensing camera provides a means for a clinically feasible, inexpensive kinematic analysis of physical function that requires no subject preparation and little clinician setup and analysis time, and therefore affects minimally. To support this statement regarding minimal clinician analysis time, these variables could potentially be easily automated and instantly reported on trial completion. The entire test could also be performed in a hands-free manner, with voice commands given via the Kinect's inbuilt 3D microphone array to commence and terminate data collection. With respect to the inability to quantify the kinematics of the turn during the TUG, although this may be important in some populations evidence indicates that the time taken to turn is more important than kinematic or axial segment coordination for assessing falls risk in people with stroke. 6 Additionally, future iterations of the Kinect or similar unobtrusive motion sensing technology are likely to possess improved accuracy, which may increase their efficacy for physical function assessment. Given the strong test-retest reliability, future research , all other analyses ICC (2, 2) . should explore the responsiveness of the instrumented TUG to change over time in people with stroke to aid in planning and evaluation of treatment.
A study limitation is that our clinical tests did not encompass specific aspects of physical function such as maximal strength, or other functional tasks where falls may occur such as stair descent. Future studies may wish to examine the association between the variables derived from different components of the TUG with clinical assessments that may be more specific to that aspect of function. For example, the association between trunk flexion angle during standing may be more strongly associated with a test such as the repeated sit-to-stand than the assessments performed in this study.
In conclusion, our results suggest that instrumenting the TUG using a Kinect can provide reliable measures of a range of distinct components of the test. These additional variables could provide unique and important information about a patient's physical function when compared with the commonly reported time taken to complete. Given the low cost and widespread availability of the Kinect system, in the future this tool may provide a means for conducting large scale clinical assessments of physical function and potential falls risk following stroke.
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